Over the past forty years, Howard Barrows' contributions to PBL research have influenced and guided educational research and practice in a diversity of domains. It is necessary to make visible to all PBL scholars what has been accomplished, what is perceived as significant, and what is the scope of applicability for Barrows' groundbreaking findings. As more disciplines recognize Barrows' efforts and adopt PBL in education, it becomes crucial but challenging to sustain community memory so that PBL scholars are kept well informed of research innovations in various domains. In this paper, we review Barrows' scholarly efforts in PBL and reveal the impacts on subsequent studies in various domains. A bibliometrics analysis is conducted on Barrows' PBL publications and the corresponding citations to quantitatively measure Barrows' impact. Our findings demonstrate Barrows' exceptional contributions to PBL and the disciplinary differences in conducting PBL studies based on Barrows' work. It is also revealed that PBL scholars who share similar interests have rarely collaborated with each other. The PBL research community has a real opportunity to connect isolated research groups and reduce the fragmentation so that research innovations in one domain can be disseminated to inform other scholars.
Introduction
Since problem-based learning (PBL) was introduced in U.S. medical schools in the 1950s, it has gained increasing attention and has become arguably the most significant innovation in medical education (Boud & Feletti, 1998) . It has also reached beyond its intended initial domain, into engineering and science education, in significant ways. Among the tremendous pioneering efforts, Howard S. Barrows has built the fundamentals that scaffold and inspire subsequent studies in PBL. His book Problem-Based Learning: An Approach to Medical Education (Barrows & Tamblyn, 1980) has over 2,000 citations according to Google Scholar and his other academic publications have also received wide recognition in the research community. During Barrows' career span, he sustained his commitment to PBL from his earliest academic publication in 1974 to the latest one in 2008. His early publications in 1970s and 1980s continue to be frequently discussed and cited in recent studies.
Given Barrows' key role in PBL, it is essential for the PBL research community to document and highlight his major contributions. A community-wide consensus about definitions, taxonomy, and other fundamental concepts needs to be reached in order to foster effective scholarly communication and collaboration. According to the theory of innovation diffusion, in the process of disseminating research ideas and work, prominent actors are more likely to create, adopt, and spread innovations in the community at an early stage (Liu, Madhavan, & Sudharshan, 2005) . With Barrows being a central player in PBL, it is necessary to make visible to all PBL scholars what has been accomplished, what is perceived as significant by the community, and what is the scope of applicability for Barrows' groundbreaking findings.
Although most of Barrows' work on PBL was rooted in medical education, the fundamental concepts and methods he proposed have profound and long-lasting effects on educational research in other domains. For example, according to our analysis of the Journal of Engineering Education (one of the top journals in engineering education) over the years [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] 9 articles (4.8%) have PBL or its varieties (Barrows, 1986) either in their keywords, titles, or abstracts out of a total of 186 research articles. Among these 9 articles, 5 (55.6%) of them have cited Barrows' studies. Similarly, from a completely unexpected problem space, 4 of 11 (36.4%) PBL studies in Journal of Geography in Higher Education from 2000 to 2009 have cited Barrows' work. As the applicable scope of PBL expands and more disciplines start to adopt PBL in their educational practices, it becomes increasingly difficult to sustain community memory. It also becomes increasingly crucial to keep PBL scholars well informed of research innovations in various domains that use derivations of PBL.
As we witness the dissemination of Barrows' groundbreaking innovations, it remains unclear what exactly his academic profile looks like and how his publications influence subsequent PBL studies in various domains. For example, what are the major topics he worked on? What are the various research strands inspired by or based on his studies? What is the nature and topology of the community of researchers evolving around Barrows' work? To answer these questions, we need to develop a comprehensive synthesis of Barrows' and his followers' research efforts in PBL. This requires a holistic large-scale analysis of publications and an effective representation of the results. In this paper, we use a combination of scientometrics, bibliometrics, large-scale data mining, and visualizations to not only pay tribute to Barrows' intellectual contributions, but also to visually showcase the large knowledge communities that have formed and evolved from and around his work.
Literature Review

Meta-analysis of PBL Literature
PBL has a long history. Some previous reviews of PBL studies have used meta-analysis to provide insights-albeit narrow from a large-scale data perspective-for a specific research topic. Albanese and Mitchell (1993) conducted a meta-analysis-like review that categorized about 100 earlier studies over 1972-1992 in medical education by outcome measures such as exams and graduates' perceptions. They then synthesized research findings in each category and demonstrated the effectiveness of PBL against traditional curricula. Other similar studies based on meta-analysis include reviewing effects of PBL on faculty attitudes, student mood, and class attendance (Vernon & Blake, 1993) , accumulation of knowledge (Newman, 2003) , and participants' satisfaction (Smits, Verbeek, & De Buisonje, 2002) . These meta-analysis based reviews offer insightful understanding of the impacts of PBL. However, the scope of these reviews is limited to medical education. Also, the number of papers reviewed is relatively small (100 or less) due to the great effort and unwieldiness of conducting in-depth meta-analysis.
Examining PBL within a non-medical and multidisciplinary framework has recently become a popular research topic. For instance, instead of focusing on medical education, Dochy, Segers, Van den Bossche, and Gijbels (2003) and Gijbels, Dochy, Van den Bossche, and Segers (2005) reviewed empirical work in higher education performed in a real-life classroom setting. The former study revealed the effect of PBL on students' knowledge and skill, whereas the latter compared effect of PBL in three levels of the knowledge structure. With the inclusion of 47 outcomes from non-medical-education disciplines, Walker and Leary (2009)'s study reviewed 82 total papers in PBL and synthesized their assessment level, problem type, and PBL method. Strobel and van Barneveld (2009) used a qualitative meta-synthesis method to compare prior meta-analysis research findings including studies from other domains. These research efforts demonstrate their multidisciplinary
• volume 7, no. 1 (Spring 2013) concerns. However, their criterion sampling strategy in searching and selecting literature often results in only a small set of documents. The insufficient coverage of literature limits the capability of showing how PBL is used in different contexts, which, as Ravitz identified (2009) , is one of the grand challenges in PBL research.
Bibliometrics for Measuring Academic Performance and Impact
As meta-analysis studies aim to provide an in-depth and insightful review of a small set of highly relevant literature, bibliometrics offer a set of methods to quantitatively evaluate publications, scholars, journals, institutions, and indeed larger population steps such as nations based on large-scale publication metadata (Borgman & Furner, 2002) . The most common bibliometrics method is citation analysis. Citations of academic articles have been considered as a measurement tool for various purposes. For example, Hicks, Tomizawa, Saitoh, and Kobayashi (2004) discussed the use of bibliometrics to evaluate research funded by the U.S. federal government. Based on a similar approach to evaluating research using bibliometrics, Campbell et al. (2010) examined projects funded by the National Cancer Institute of Canada. Focusing on both evaluation of research and the impact of governmental funding, Boyack and Börner (2003) analyzed publications in Behavioral and Social Science at the National Institute on Aging primarily measured by citation counts.
Besides being used as a measurement tool for evaluating research and governmental funding allocation, citation information has also been studied to evaluate the impact of journals and conferences. Garfield (1972) presented the results of citation analysis of publications in science and technology indexed by SCI, based on which journals were evaluated by frequency and impact of citations. Brown and Gardner (1985) focused specifically on journals and articles on Contemporary Accounting Research, whereas Sims and McGhee (2003) aimed to rate journals relevant to Ophthalmology. All these studies considered citations as a valid and powerful measurement tool or indicator to evaluate research, scholars, funding strategies, and journal impacts. Some other studies conducted co-citation analyses to identify prominent authors in a specific research area (McCain, 1990) . By means of co-citation analyses, researchers characterized main research focuses and trends (Acedo & Casillas, 2005; Chen & Carr, 1999) . However, some researchers questioned (Garfield, 1979; Kostoff, 1998) and even opposed the use of citation counts as an evaluation tool and appealed for consideration of the content and context of citations (MacRoberts & MacRoberts, 1996) .
In this study, we aim to develop a broad understanding of Barrows' efforts and impacts. Evaluation of individual academic efforts can be quantified by bibliometrics measures such as h-index (Hirsch, 2005) and m-index (Bornmann, Mutz, Neuhaus, & Daniel, 2008) . h-index is defined as follows (Hirsch, 2005) : "A scientist has index h if h of his or her Np papers have at least h citations each and the other (Np -h) papers have ≤ h citations each". h-index has been shown (Hirsch, 2007) to have a better predictive power of a scholar's productivity and future achievement than number of citations, number of papers, and mean citations per paper. As a variant of h-index, m-index (Bornmann et al., 2008 ) is defined as "the median number of citations received by papers in the Hirsch core" and Hirsch core refers to "papers ranking smaller than or equal to h". m-index is a stronger predictor of peer assessment of scientists than h-index (Bornmann et al., 2008) and therefore is also appropriate to showcase Barrows' contributions to PBL. According to Konur's (2012) recent analysis of 179,832 educational research manuscripts over the past 30 years, the top 20 most prolific authors publish between 72 and 172 papers, have citations per paper ranging from 0.69 to 26.39, and have h-index from 4 to 33 Also, instead of using meta-analysis to perform an in-depth content analysis of a small number of publications, we attempt to understand Barrows' efforts in their entirety across domains. This requires citation analysis among publication data from many different domains, requiring us to introduce a methodology based on large-scale data analysis. As far as we know, such a study that brings together data from multiple domains has never been attempted in the PBL community before, in large part due to complexity of integrating the necessary data together. Furthermore, the algorithmic advances needed to attempt this study are under-utilized in learning research.
Research Questions
In this paper, we review Barrows' scholarly contributions to PBL and the impacts in various domains. The research questions we aim to address in this study are:
1. What were Barrows' major research foci in PBL? How did he shift from one topic to another during his career span, representing intersecting impacts on the construction and propagation of PBL as a paradigm?
2. What is Barrows' scholarly impact measured by h-index (Hirsch, 2005) and m-index (Bornmann et al., 2008)? 3. Who was Barrows collaborating with directly?
4. How did a secondary community of researchers utilizing Barrows' work evolve?
5. What are the major research topics built upon Barrows' work? How have they changed over time?
The first three research questions focus on demonstrating Barrows' academic profile. The last two questions aim to show his broad impacts in all related disciplines that have PBL studies built upon his work.
Methods
The research questions of the present study are to demonstrate Barrows' academic profile in problem-based learning and his impact on research work from a wide range of domains. Figure 1 illustrates the workflow used for (I) collecting, sampling, and processing data and (II) analyzing data and representing results. In step 1, we collect 412 Barrows' publications from multiple resources such as ERIC, PubMed, and Web of Science. In step 2, among these articles, 37 PBL-related ones are selected including duplicates and relevance is determined by the occurrence of PBL in title, abstract, and author-supplied keywords. In step 3, document titles are scanned and compared with each other automatically to remove duplicate documents. In step 4, the 26 resulted publications run through our author name disambiguation algorithm to make sure that the same researchers with name variations are counted only once. For articles without author-supplied keywords, we extract keyphrases based on the full text or abstracts of the documents.
Based on the cleaned data set, we perform a bibliographic analysis to demonstrate Barrows' academic profile, such as his h-index, m-index, major research foci, collaborators, and most cited articles in step 5. Next, in steps 6 and 7, we choose his top five most cited articles and acquire 987 citations using Google Scholar and Microsoft Academic Search to present a full comparative picture of the relative statistics. Again, author name disambiguation and keyphrase extraction are performed in step 8 prior to data analysis. Finally in step 9, the analysis results are represented in visual forms such as tag clouds and network visualizations to make interpretation of our findings easier.
Data Collection and Sampling
We search for PBL literature authored by Howard Barrows in multiple data sources. The following name variations are included in the search: Howard S. Barrows, Howard S Barrows, Howard Barrows, H. S. Barrows, H S Barrows, H. Barrows, and H Barrows. Each of these names is used to search ERIC, PubMed, Web of Science, Academic Medicine, Microsoft Academic Search, and Google Scholar. We further narrow the sample to PBL-related literature by selecting publications that contain problem-based or PBL in title, abstract, or author-supplied keyword. Only books, journal papers, and conference papers are analyzed in the present study. Data came in a variety of formats including BibTex, RIS, EndNote, and XML. We developed a parser for each of these formats to extract metadata fields such as title, abstract, authors, publications venues, and keywords and save them into a mySQL 1 relational database.
Barrows' publications in PBL have produced a broad impact on medical education and other disciplines. To track their exact influence on other researchers and subsequent studies, we analyzed papers that cite Barrows' five most cited publications. Citations of these five publications are acquired using the Microsoft Academic Search API. Using search engines such as Google Scholar (GS) and Microsoft Academic Search (MAS) has the advantage of broader literature coverage and lower cost while retaining a strong correlation to impact statistics with traditional publication indexing sites such as Web of Science and Journal Citation Report (Harzing & Van der Wal, 2008) . In collecting the citation data, we have observed that GS in general has a more comprehensive coverage than MAS. However, we choose MAS because GS results do not have author-supplied keywords or abstracts,
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Name Disambiguation, Citation Counts, and Keyphrase Extraction
In collecting Barrows' publications, the same publication may appear in the search result from more than one data source. Detecting duplicate documents is achieved by a tokenbased name disambiguation algorithm based on the Levenshtein Distance (Levenshtein, 1966) . We apply this technique to compute similarity between document titles with a threshold of 0.75. It means that two titles must be at least 75% similar to be considered as duplicates. Once the threshold is reached, we treat them as duplicates if they are published in the same year with the same issue and volume numbers, if applicable. The detected document duplicates are then merged into one. However, publication data obtained from different sources may be slightly different from each other. For example, one may spell out the journal name such as Medical Education, whereas another abbreviates it as Med Edu. One may contain volume and issue numbers while the other one does not. When duplicate documents are merged into one, for each data field, the longer, more descriptive values are always kept so as to make the collected data as complete as possible. Number of citations for each publication is computed using the following rule: If different data sources do not agree on the citation count, use the mean; If only one data source provides a citation count higher than zero, rely on this number when merging documents; and if all data sources suggest zero citation found, assume the number of citations to be zero. Measurement of citation counts can be used to calculate Barrows' h-index (Hirsch, 2005) and m-index (Bornmann et al., 2008) .
Barrows' collaborators are defined in this study as his co-authors in PBL publications. Although authorship information is usually available from the data sources, overlooking the name ambiguity problem can cause severe errors in data analysis. Name ambiguity problem is a common problem in bibliographic databases where the same author may publish papers under different name variations and the same author name may refer to different individuals (Smalheiser & Torvik, 2009 ). For instance, one of Barrows' collaborators, Cindy Hmelo-Silver, has publications under names Cindy Hmelo, Cindy E. Hmelo, C. E. Hmelo-Silver, and Cindy E. Hmelo-Silver. Without disambiguating duplicate names, these four names will be considered as four individual researchers. As a result, this error yields an incorrect number of collaborators and leads to other imprecise statistics. We built a supervised name disambiguation system that computes similarity between names based on multiple attributes: full name, institution, past publication, and co-author. Our program automatically identifies potential duplicates and shows them as recommendations for disambiguation. Upon approval from the administrator, duplicate names are grouped to represent one entity from that point forward.
Key terms of a publication usually refer to author-supplied keywords. However, some papers do not contain author-supplied keywords and therefore, we must have a mechanism to generate key terms for these publications. We developed a keyphrase extraction algorithm based on GenEx (Turney, 2000) to identify the top 5 keyphrases for each document based on the full text. Here keyphrase is defined as a sequence of up to four words that have relatively high occurrences in a document but appear much less frequently in other documents. Therefore, compared to the most common word-frequency approaches, our keyphrasing algorithm not only filters common terms such as is, of, the but more importantly, it extracts phrases that are more descriptive and retain more contextual meaning than single words. For instance, a common word learning is not as specific as learning environment and learning outcome in describing a document's context. The rest of this paper will use keyphrases to represent both the author-supplied keywords and machine-generated keyphrases.
Bibliographic Analysis
The above search strategy, sampling criteria, and data cleaning process result in a total of 26 PBL publications authored by Barrows. For each publication, we collect metadata such as title, abstract, publication venue, year, authors, volume, issue as well as full text in PDF. Barrows' h-index and m-index are computed using the formula discussed in the literature review of this paper. Aggregation of the keyphrases helps characterize Barrows' major research foci and the topical evolution during his career span. The disambiguated result of documents and author names can precisely recognize Barrows' direct collaborators in PBL.
Based on the collected citations, the present study provides a statistical overview such as the number of unique authors, list of major research topics, and the collaboration network among all co-authors. The collected citations are then grouped into the following categories: medical education, engineering education, science education, general PBL, and others. Publications that fall within medical education and related fields are grouped and labeled as "medical education". An article must contain at least one of the following terms in its title, abstract, or keyphrase to be considered as being in this category: medical education, clinical education, patient, psychological, nurse, dental education, pharm-, and medicine. Similarly, we identify PBL publications in engineering education by searching using the term engineer. We choose science, physics, chemistry, and math for recognizing papers in science education. Papers that do not fall into any of the above categories but have mentioned problem-based learning or PBL in the title, abstract, or keyphrase are marked as general PBL. The rest of the articles are categorized as others. The above keyphrase lists for categorizing citations are derived from our automatic categorization algorithm based on training data. We randomly select 100 citations and manually categorize them into medical education, science education, engineering education, general PBL, and others.
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The categorized citations then become training data and other citations are automatically categorized based on the probability of keyphrase occurrence in the training data in each category. For each of these disciplinary categories, we generate a detailed view of main research topics based on keyphrases of publications in the category. We also show the collaboration network in the disciplinary community to illustrate the current collaboration status among scholars who have cited Barrows' PBL work.
Results and Analyses
Overview of Barrows' Contributions
The analysis of Barrows' 26 publications demonstrates his constant efforts in PBL since 1974. Figure 2 This demonstrates his remarkable impact on the scholarly community and his constant production of high quality work that was heavily cited in secondary literature. Table 2 shows Barrows' top five publications in terms of citation counts.
During Barrows' academic career in PBL, he primarily focused on the following topics: higher education, medical education, problem solving, teaching methods, simulation, patients, medical schools, and educational strategies. Keyphrases in Barrows' publications are grouped into the following categories: general, medical-related, teaching & instruction, professional development, assessment, curriculum, active learning, collaborative learning, and others. Figure 3 shows Barrows' primary research interests and specific topics within each category. The circle size indicates the total number of occurrences of keyphrases in Barrows' publications. The keyphrases within a category are sorted from the most frequently mentioned keyphrases to the least.
Research Studies Built upon Barrows' Work
Overview
The 987 publications that cite Barrows' PBL efforts are authored by 1,926 unique authors. As presented in Figure 4(a)(b) Authors, Published year Problem-based learning: An approach to medical education (Barrows & Tamblyn, 1980) A taxonomy of problem-based learning-methods (Barrows, 1986 ) How to design a problem-based curriculum for the preclinical years (Barrows, 1985) Problem-based learning in medicine and beyond: A brief overview (Barrows, 1996) The 'McMaster Philosophy': An approach to medical education (Neufeld & Barrows, 1974) • volume 7, no. 1 (Spring 2013) five of Barrows' classic articles in Table 2 were published before 2000, they continue to gain wider recognition in academia. Although an increasing number of scholars conduct studies based on Barrows work, these scholars have rarely collaborated with each other. Figure 5 shows the fragmented collaboration network among authors who cite Barrows' work. The largest network is composed of only 43 authors, which is only 2.2% of the total number of authors. Also, the largest network relies heavily on only a few key researchers (cut-points), without which the network will further fall apart. There are 636 groups of researchers working in isolation and an author has only 3.08 collaborators on average. Essentially, here we provide an indication of why various modifications and adaptions to Barrows' original work are not gaining mainstream usage and propagation. This type of fragmentation is characteristic of many educational innovations and perhaps is the basis for why educational innovations do not diffuse very quickly and easily. Figure 6 shows the main research topics based on all these publications. Unlike regular Wordle (Viégas, Wattenberg, & Feinberg, 2009) representations that visualize single words and their frequencies, this tag cloud takes each keyphrase as a whole and the font size indicates how many articles have used a specific keyphrase. In essence, our approach is statistically, analytically, and algorithmically significantly superior to the simple word clouds. We choose the commonly used word cloud type of presentation for interpretability. However, the algorithmically identified keyphrases are a key component.
The top keyphrase problem based learning is removed from the tag cloud to increase the readability of less significant phrases. Besides problem based learning, the top ten topics are problem solving, medical education, student learning, case study, learning environment, teaching and learning, medical students, self directed learning, active learning, and collaborative learning. These keyphrases are generally consistent with Barrows' publications in Figure 2 such as collaborative learning, problem solving, higher education, and self Figure 5 . The co-author network among authors that cite Barrows' top five PBL publications directed learning. However, Barrows' emphasis on curriculum design, simulation, assessment, and professional development has been investigated less often in the subsequent studies. Meanwhile, we witness new research foci such as critical thinking and disciplinary orientations (engineering education and science education).
Barrows' pioneering efforts in PBL inspired enormous subsequent research studies in medical education. As presented in Figure 7 , about 27.4% of citations citing his work are related to medical education, such as clinical education, patient, psychology education, and dental education. There are 21.4% of publications that address PBL problems without disciplinary orientations. Barrows' PBL publications also guide educational research in science (8.4%) and engineering (8.3%) disciplines. Besides the above major categories, a large number (23.1%) of citations deal with topics that are loosely related to PBL. 
Citations in Medical Education
In medical education, the most frequently used keyphrases are problem based learning, medical education, medical students, and problem solving. Again, these four phrases are removed from the tag cloud in Figure 8 to increase the visibility of other keyphrases. The top ten keyphrases in Figure 8 are: clinical reasoning, health care, self directed learning, case study, nursing education, student learning, teaching and learning, first year, learning process, and critical thinking. Topics in medical education show clear contextualization of PBL and tend to address more specific problems. Authors in this community tend to collaborate slightly more (average degree 3.26) than average but the fragmented status continues to exist, as shown in Figure 9 .
Citations in Science Education
In science education, the top ten keyphrases in Figure 10 (problem based learning problem solving, and science education removed) are: student learning, teaching and learning, control group, learning environment, critical thinking, case study, active learning, computer science education, high school, and science teaching. As opposed to a focus on higher education, PBL research in science education pays more attention to high school education. Also, control groups seem to be more commonly used in research studies as a methodology. Authors in the science education community collaborate less (average degree 2.69) but a relative large network has started to form consisting of about 9% of all the authors, as illustrated in Figure 11 . 
Citations in Engineering Education
In engineering education, the top ten keyphrases in Figure 12 (problem based learning, problem solving and engineering education removed) are: software engineering, case study, student learning, teaching and learning, software development, collaborative learning, teaching methods, active learning, biomedical engineering , and engineering design. Based on Figure 9 . The co-author network among authors studying PBL in the context of medical education Figure 10 . Main research topics in science education built upon Barrows' top five PBL publications this topical analysis, PBL is more likely to be adopted by software engineering, electrical engineering, and biomedical engineering. The emphasis on design education echoes the conclusion of a prior study that reviewed PBL in engineering education (Mills & Treagust, 2003) . The collaboration network for the engineering education community in terms of PBL research is similar to the one in science education. A relatively large network begins to emerge but in general, the community remains largely fragmented. 
Citations in General PBL
In the general PBL category, the top ten keyphrases in Figure 14 (problem based learning and problem solving removed) are: self directed learning, student learning, higher education, learning environment, case study, learning experience, teaching and learning, collaborative learning, active learning, and instructional design. Keyphrases in this category resemble the overall topical pattern. Authors in this group are the least collaborative-perhaps because of the diversity of the overall problem space represented by these authors.
Other PBL Citations
In the other PBL category, the top ten keyphrases in Figure 16 (problem based learning and problem solving removed) are: learning environment, case study, instructional 
Discussion
In 1996, Barrows described his observation that PBL had been disseminated to a large number of medical schools, which developed their own variation of PBL in the curricula (Barrows, 1996) . The above result further reveals the dissemination of PBL to other disciplines such as software engineering and biomedical engineering. Such a broader applicable scope and greater varieties in adapting PBL inevitably incur two problems (Barrows, 1996) . First, although many schools claim to use PBL, many are poorly designed and not carried out according to the core PBL model (Barrows, 2003) . Second, such imprecise implementation of PBL makes teachers believe that PBL only offers very limited advantage over what they already have. More efforts are needed to understand whether PBL is defined and implemented correctly in different disciplinary contexts and how such practices are evaluated.
Other than the concerns recognized by Barrows, dissemination of PBL to a broader range of disciplines poses new challenges to the PBL community. The network topology shown in the last section demonstrates the lack of collaboration among core contributors in medical education, among scholars in other disciplines, and between core researchers and medical-unrelated practitioners. According to the adoption process in the Diffusion (Rogers, 2003) , for scholars and educators in non-medical disciplines, adoption of PBL requires not only their first exposure to PBL core concepts and taxonomy but also the perceived advantages of implementing PBL in their own contexts. Disciplines that have started to adopt PBL such as software engineering can be used as a case study to understand the motivation and process of a discipline adopting PBL. Performing such a case study can guide the dissemination of PBL to other potential disciplines with similar characteristics. For those that already decide to adopt PBL, the challenge becomes how to correctly tailor and implement PBL and finally report their practices and experience back to the PBL research community to inform future studies. For example, one may compare the definition, theoretical framework, and implementation in these practices with the fundamental PBL studies to evaluate the appropriateness of these PBL adaptions. It is also essential for core PBL researchers to publish papers in a language that can be easily understood by non-PBL scholars. As shown in the present study, Barrows' publications are frequently cited by scholars outside medical education and therefore, they are good examples of how to communicate ideas with a larger audience.
Conclusion
This paper demonstrates Howard Barrows' contributions to PBL research and his scholarly impact on a broad range of disciplines. A scientometric analysis is conducted based on Barrows' PBL publications and the citations of his five highest cited publications. We apply data mining techniques to collect bibliographic data, disambiguate names, and assign keyphrases to documents without author-supplied keywords. Our results show Barrows' pioneering and leading role in the PBL community. Clearly, we demonstrate the growing importance of his work in multiple branches and sub-spaces of education research. His academic work has also produced a significant impact on non-medical education domains such as science and engineering education. This paper recognizes topics that are almost evenly popular across disciplines such as critical thinking and problem solving. We also identify the differences in research focus across different disciplines. It is further revealed that scholars who share similar interests have rarely collaborated with each other. The PBL research community has a real opportunity to connect isolated research groups and reduce the fragmentation so that research innovations in one domain can be disseminated to inform other scholars.
The methodology introduced in this paper involves integration of bibliographic data from across multiple domains, application of data mining techniques in filtering and assuring data quality, and use of diverse visualizations for presenting the results. In future work, we plan to follow the same workflow to reveal the general picture based on all PBL studies. Also, we are going to perform a content analysis (Spiegel-Rosing, 1977) on PBL papers to not only identify which paper gets cited, but also reveal why and in what context it is cited. The content analysis result can provide more details about the rationales and extent of PBL adoption in various domains. The methods presented in this paper have broader applicability and can be adapted for use in other areas of education research. For example, we can demonstrate how collaborative learning was first formed, evolved, and adopted in various disciplines. We can also show the scholarly impact of Vygotsky and his "Zone of proximal development" on education research.
